1. Introduction {#sec1}
===============

Strategies to prevent fecal-oral disease often focus on interrupting environmentally mediated transmission of fecal pathogens ([@bib61]; [@bib86]; [@bib118]). The classic F-diagram conceptualizes fecal-oral transmission on separate, unidirectional pathways through each environmental reservoir, suggesting clear opportunities for intervention ([@bib71]; [@bib118]). However, a single environmental reservoir may be contaminated by feces with different origins transmitted by multiple interacting pathways ([@bib28]; [@bib44]; [@bib99]; [@bib117]), which can reduce the effectiveness of interventions ([@bib10]). In particular, the role of animals in the spread of fecal contamination and pathogens has recently been increasingly recognized ([@bib23]; [@bib86]; [@bib94]). Several recent water, sanitation, and hygiene (WaSH) intervention trials have highlighted the need to better understand the environmental exposure and transmission dynamics driving fecal-oral disease ([@bib16]; [@bib20]; [@bib55]; [@bib69]; [@bib80]; [@bib85]; [@bib88]; [@bib100]; [@bib107]).

As the rapidly urbanizing populations of many low- and middle-income countries (LMICs) increasingly reside in crowded, informal settlements that lack basic services, identifying the factors influencing fecal contamination in dense urban environments is especially relevant ([@bib30]; [@bib51]; [@bib74]; [@bib106]). In many low-income urban settings, limited space and resources often require multiple households to share sanitation facilities, circumstances that may increase diarrhea risk and complicate arrangements for cleaning and maintenance ([@bib1]; [@bib53]; [@bib103]; [@bib105]). Such decentralized sanitation infrastructure is primarily intended to contain human excreta, but animals are also common in both public and private urban spaces and can be important sources of enteric pathogens in urban environments where pets or livestock are kept in close quarters ([@bib2]; [@bib3]; [@bib6]; [@bib46]; [@bib79]).

Fecal contamination has traditionally been evaluated by measuring fecal indicator bacteria (FIB) like *Escherichia coli* ([@bib31]). FIB have been consistently found at densities greater than 100 organisms per gram in domestic soils, and have been frequently observed in a variety of household settings globally ([@bib18]; [@bib29], [@bib28]; [@bib32]; [@bib90]; [@bib101]). However, FIB are unable to directly identify fecal sources and do not necessarily represent recent fecal contamination, as naturalized FIB have been reported in many environments ([@bib15]; [@bib31]; [@bib84]; [@bib98]; [@bib111]). Sanitation interventions intended to interrupt domestic fecal transmission in low- and middle-income countries have not generally demonstrated an impact on ambient FIB, suggesting the interventions did not adequately address the pathways and fecal sources driving contamination in such settings ([@bib27], [@bib29]; [@bib100]).

Molecular microbial source tracking (MST) enables fecal source identification by testing samples for the genetic material of gut microbes thought to be specific to a particular host, such as humans or ruminants ([@bib31]; [@bib48]). MST typically targets obligate anaerobes that strongly suggest recent fecal contamination and may provide signals with greater relevance to understanding and addressing patterns of fecal contamination ([@bib75]). Several studies applying MST in both rural and urban contexts have implicated livestock as a major source of domestic fecal contamination ([@bib9]; [@bib46]; [@bib99]) and human contamination was widespread among households in an urban slum ([@bib5]). While the relationships between MST markers, fecal pathogen occurrence, and health risks have yet to be well-characterized in domestic contexts, both human- and livestock-associated MST markers in rural Indian homes were associated with increased child diarrhea risk ([@bib64]; [@bib82]). Because MST targets the gut microbiota, which varies among populations, it is necessary to validate MST assays in each new location to determine whether the selected microbial targets are both present and unique to the intended fecal source in the study area ([@bib114]). Most MST assays were developed for water quality monitoring purposes and have often performed poorly in highly-contaminated domestic settings, reaffirming the importance of diagnostic validation ([@bib46]; [@bib83]).

This cross-sectional study investigated the sources and patterns of fecal contamination in a dense urban setting before the implementation of an onsite sanitation intervention. We validated and applied a set of molecular MST assays in households sharing poor-quality sanitation facilities in Maputo, Mozambique and assessed risk factors of fecal contamination in multiple domestic transmission pathways. In consideration of a planned intervention to contain human feces, we measured human-associated fecal microbes to identify fecal contamination that could be impacted as well as animal-associated fecal microbes less likely to be affected. Given the generally poor sanitary conditions among study households, we hypothesized that indicators of fecal contamination, including human- and animal-associated MST markers, would be detected frequently across multiple environmental compartments but would differ according to household characteristics.

2. Materials and methods {#sec2}
========================

2.1. Study setting {#sec2.1}
------------------

We conducted this study in the context of the Maputo Sanitation (MapSan) trial, a controlled, before-and-after study of urban sanitation and child health ([@bib11]). The majority of households in Maputo (89%) use onsite sanitation ([@bib7]), much of which fails to meet the UNICEF/WHO Joint Monitoring Programme definition of at least basic sanitation, such as a private pit latrine with a slab, to which barely half of urban Mozambicans are estimated to have access ([@bib120]). Frequent flooding, high population density, and inadequate management of three-quarters of the city\'s fecal waste contribute to a large burden of enteric infection (86% prevalence among children under four in the MapSan cohort at baseline) and child mortality ([@bib7]; [@bib63]; [@bib108]; [@bib115]). The MapSan trial evaluated a latrine intervention implemented in compounds---defined household clusters sharing an outdoor courtyard---with existing sanitation facilities in poor condition and shared by the households in the compound. Intervention latrines were likewise shared by compound residents from multiple households but were separated from the wider community, typically by an existing physical barrier around the compound perimeter ([@bib102]). Frequency-matched control compounds with similarly poor-quality shared sanitation were enrolled concurrently from the same unplanned, low-income neighborhoods of urban Maputo. In each compound, all households with children under four years of age were invited to participate. We conducted a cross-sectional baseline assessment of domestic fecal contamination at an opportunistically selected subset of study compounds from both treatment arms as they were enrolled in the MapSan pre-intervention survey during May--August 2015.

2.2. Ethics statement {#sec2.2}
---------------------

This study was approved by the Institutional Review Board of the University of North Carolina at Chapel Hill (IRB \# 15--0963). The associated MapSan trial was pre-registered at [ClinicalTrials.gov](http://ClinicalTrials.gov){#intref0010} (NCT02362932) and was approved by the Comité Nacional de Bioética para a Saúde (CNBS), Ministério da Saúde, Republic of Mozambique (333/CNBS/14), the Ethics Committee of The London School of Hygiene & Tropical Medicine (reference \# 8345), and the Institutional Review Board of the Georgia Institute of Technology (protocol \# H15160). Environmental samples were collected only from households with children under four years old enrolled in the MapSan study, for whom a parent or guardian had provided written informed consent. Verbal assent was obtained from the head of each compound prior to initiating enrollment and sampling activities.

2.3. Sample collection {#sec2.3}
----------------------

We sampled three potential environmental reservoirs of fecal contamination---water, soil, and surfaces---at five hypothesized nodes of transmission and exposure: source water, stored water, food preparation surfaces, latrine entrance soil, and household entrance soil. Source water and latrine soil samples were collected once from each compound, while stored water, food surfaces, and household soil samples were collected from each household with children enrolled in the MapSan trial. Samples were collected by the researchers concurrent with data collection activities by the MapSan child health study field team, typically between 8:00 and 13:00 (UTC+2). Samples were immediately placed on ice for transport and maintained at 4 °C upon arrival at the laboratory in central Maputo. Water samples were processed within 8 h of collection; soil and surface swab samples were also usually processed the same day and always within 30 h of collection ([@bib43]; [@bib93]).

Water samples were collected in approximately 1 L volumes in sterile plastic sample bags and immediately treated with approximately 20 mg of sodium thiosulfate (Brim Technologies, Eatontown, NJ, USA) to neutralize residual chlorine. Source water samples were collected directly, generally from a standpipe in the compound yard. In compounds with multiple water points, a water point identified as the primary water source for one of the households with enrolled children was selected for sampling. We asked a resident of each enrolled household to provide drinking water from a storage container as if they were giving water to a child to drink. The storage container material, mouth width, presence of a lid, and water extraction method were recorded. We also asked the household respondent to provide a surface regularly used to prepare foods in the condition in which it would typically be used. A 10 cm × 10 cm template was disinfected with 10% bleach followed by 70% ethanol and placed on the surface. A sterile, flocked nylon swab (Copan Diagnostics, Murrieta, CA, USA) was wetted in a centrifuge tube containing 12 mL sterile ¼-strength Ringer\'s solution (Oxoid, Hampshire, UK) and swabbed within the template in 3 directions to ensure complete coverage ([@bib52]; [@bib78]). The swab was clipped with disinfected scissors into the centrifuge tube, and the surface was again swabbed with a second, dry swab to collect any remaining wetting solution; the second swab was likewise clipped into the same tube. On surfaces with sufficient area, this procedure was repeated on a second 100 cm^2^ area to increase the sample volume available for analysis. The surface type (e.g., table or bowl) and material were recorded.

Soil was collected 1 m in front of the compound latrine entrance and 1 m in front of the primary entrance to each household with enrolled children. A 10 cm × 10 cm square was drawn in the soil using a disinfected metal scoop. We used the scoop to gently homogenize the top 1--2 cm of soil and transfer it to a sterile sample bag ([@bib90]). Qualitative assessment of soil exposure to sunlight (full sun, partial sun, or shade) and any signs of visible surface wetness were recorded. Entrances fully covered in impervious surface were not sampled.

We also collected human and animal fecal material from study compounds to validate candidate MST assays. Fresh animal feces that could be attributed to specific individuals were collected as available during any sampling visit using a disinfected metal scoop to transfer individual stools into a sterile sample bag. To obtain human-source fecal material, we sampled fecal sludge from traditional shared latrines during separate visits in February 2016. Each latrine sludge sample was collected in a sterile 50 mL centrifuge tube that had been attached to a metal handle of sufficient length to lower through a latrine drophole to reach the sludge surface. This apparatus was used to scrape sludge into the tube from at least three locations on the sludge surface to collect a composite sample.

2.4. Validation of microbial source tracking assays {#sec2.4}
---------------------------------------------------

### 2.4.1. Identification of candidate MST assays {#sec2.4.1}

We considered eight open-source qPCR assays targeting general, human, and avian fecal microbes to assemble a panel of candidate MST markers ([Table 1](#tbl1){ref-type="table"}). Preference was given to assays previously validated in multi-laboratory comparison studies, as well as to ensuring a variety of organisms and gene targets were represented among the candidates ([@bib58]; [@bib65]). We prioritized human source-associated assays in light of the associated intervention trial intended to reduce human fecal contamination, and considered avian-associated assays owing to the frequent observation of chickens and ducks in study compounds. While cats, dogs, goats, and pigs were also observed with varying frequency, we were unable to collect sufficient fecal samples from these sources to adequately validate any other animal-associated assays. We considered assays for non-host specific fecal microbes as a basis for relating molecular detection to culture-based detection of general fecal indicator bacteria.Table 1Candidate qPCR assays for microbial source tracking.Table 1ID[a](#tbl1fna){ref-type="table-fn"}assayhostorganism/geneclassdetectionBacUniBacUni-UCD ([@bib62])general*Bacteroidales* 16SbacteriumprobeEC23SEC23S857 ([@bib19])general*E. coli* 23SbacteriumprobeBacHumBacHum-UCD ([@bib62])human*Bacteroidales* 16SbacteriumprobeHAdVHAdV ([@bib60])humanAdenovirus hexon genevirusprobeHF183HF183/BacR287 ([@bib40])human*B. dorei* 16SbacteriumprobeMnifMnif ([@bib59])human*M. smithii nifH*archaeonprobeGFDGFD ([@bib39])avian*Helicobacter* spp.bacteriumSYBRLA35LA35 ([@bib119])avian*Brevibacterium* sp. 16SbacteriumSYBR[^3]

### 2.4.2. Validation qPCR {#sec2.4.2}

DNA was extracted from animal feces and latrine sludge in Maputo using the FastPrep SPIN Kit for Soils (MP Biomedicals, Santa Ana, CA, USA) and stabilized with DNAstable Plus (Biomatrica, San Diego, CA, USA) for ambient temperature transport to the US for further analysis ([@bib25]; [@bib92]). We validated the candidate assays against each fecal sample using singleplex qPCR. All validation reactions consisted of 12.5 μL TaqMan Environmental Master Mix 2.0 (Applied Biosystems, Foster City, CA, USA), 2.5 μL 10x primers and probe mix, and 10 μL of diluted DNA template, for a total reaction volume of 25 μL ([@bib83]). All probes were labeled with 6-FAM reporter dye and BHQ-1 quenchers except for the BacUni and HF183 probes, which were labeled with BHQplus quenchers (LGC Biosearch Technologies, Middlesex, UK). Reactions were performed on a CFX96 Touch thermocycler (Bio-Rad, Hercules, CA) with an initial 10-min incubation at 95 °C, followed by cycles of denaturation and annealing for the durations, temperatures, and cycle numbers described in the original published protocol for each assay ([Table S1](#appsec1){ref-type="sec"}). Both ten-fold and hundred-fold sample dilutions were used as DNA template to account for potential PCR inhibition ([@bib83]). We ran each sample dilution in duplicate, including duplicate ten-fold standard dilution series from 10^7^ -- 10^1^ copies (gc) of artificial plasmid standard ([Table S2](#appsec1){ref-type="sec"}) and four non-template control (NTC) reactions on each instrument run. Raw qPCR output was processed using CFX Manager software (Bio-Rad) to calculate quantification cycle (Cq) values using the baseline subtraction method with a 100 RFU florescence threshold ([@bib17]; [@bib65]).

### 2.4.3. Assay performance evaluation {#sec2.4.3}

We evaluated candidate assays primarily on the basis of binary diagnostic performance. The microbial target of a given assay was considered detected in reactions producing a Cq value lower than an assay-specific cutoff point. We considered a fecal sample positive for a given microbial target if the target was detected in any reactions containing DNA template from the sample. Latrine sludge samples were used as human fecal sources, duck and chicken samples represented avian fecal sources, and dog and pig fecal samples were non-target sources for all host-associated assays. General fecal assays were considered associated with all fecal samples for the purposes of performance evaluation.

To reduce the potential for false positives from amplification artifacts, we used receiver operator characteristic (ROC) analysis to obtain assay-specific cycle cut-off points for determining reaction detection status ([@bib81]). ROC curves were generated for cycle cutoffs in one-Cq increments from 10 Cq to the maximum number of cycles described by the assay developers. Reactions with Cq values below the cutoff point were classified as positive and above the point as negative. Diagnostic sensitivity and specificity were calculated from all reactions (including extraction blanks) at each cutoff point (see Supplementary Material). The highest whole Cq value that maximized the Youden index, computed as $J = sensitivity + specificity - 1$, was selected as the optimal cutoff point for each assay ([@bib33]; [@bib81]).

2.5. Microbial analysis of environmental samples {#sec2.5}
------------------------------------------------

### 2.5.1. Filtering and culture-based analysis {#sec2.5.1}

Environmental samples were processed by membrane filtration prior to further microbial analysis. We filtered water samples and eluate from surface swabs and soil samples as described in the Supplementary Material. Culture-based enumeration of *E. coli* was performed following a modification of USEPA Method 1603 on 0.45 μm cellulose ester membranes (MilliporeSigma, Burlington, MA, USA) ([@bib116]). We filtered 100 mL and 10 mL volumes of water samples and 1 ml and 0.1 mL of surface swab and soil eluate. Up to 300 mL water, 12 ml swab eluate, and 30 mL soil eluate were filtered through 0.4 μm polycarbonate membranes (MilliporeSigma) and immediately stored at −80 °C for molecular analysis. Excess water and eluate were retained at 4 °C until the plates were read following 22--26 h incubation, over which time minimal *E. coli* die-off would be expected in the stored samples ([@bib43]; [@bib93]). If the lowest volume plate for a given sample was too numerous to count (TNTC), we filtered an additional 1 mL water sample and 0.01 mL for swab or soil eluate.

Soil moisture content was determined by drying approximately 5 g wet soil by microwave oven in 5-min increments until the measured weight stabilized. The soil moisture fraction is given by the difference between the initial and final weights divided by the initial sample weight ([@bib18]; [@bib90]).

### 2.5.2. DNA isolation from filtered samples {#sec2.5.2}

We extracted DNA from soil and swab sample filters with the DNeasy PowerSoil kit (Qiagen, Hilden, Germany), which yielded DNA free of PCR inhibitors in previous comparison studies ([@bib25]; [@bib70]). Anticipating lower DNA abundance in water samples, we extracted DNA from water sample filters with the DNA-EZ ST01 kit (GeneRite, North Brunswick, NJ, USA), which previously demonstrated higher DNA yields from marine water samples than the PowerSoil kit ([@bib21]). To further address potential inhibition and provide a specimen processing control (SPC), 3 μg salmon testes DNA (MilliporeSigma) was added to all extraction bead tubes prior to loading sample filters ([@bib49], [@bib50]). In each extraction batch, two tubes were filled with blank filters to serve as negative and positive extraction controls (NEC and PC respectively). We spiked the PC tubes with $2 \times 10^{8}$ copies of each artificial plasmid standard ([Table S2](#appsec1){ref-type="sec"}). Samples were lysed with a Mini-Beadbeater (BioSpec, Bartlesville, OK, USA) at maximum speed for 120 s, after which we followed the PowerSoil manufacturer protocol or the Source Identification Protocol Project DNA-EZ ST01 protocol as appropriate ([@bib8]; [@bib41]). Purified DNA was eluted with 100 μL elution buffer, aliquoted in 25 μL volumes, and immediately stored at −80 °C, retaining one aliquot for further evaluation. The remaining aliquot was stored at 4 °C for up to 72 h before measuring DNA concentration with a NanoDrop Lite spectrophotometer (Thermo Scientific, Waltham, MA, USA) and testing for PCR inhibitors.

### 2.5.3. Molecular detection of microbial targets {#sec2.5.3}

We assessed microbial targets in environmental samples using four qPCR assays selected from the candidate set---EC23S, HF183, Mnif, and GFD---and assessed PCR inhibition with a fifth qPCR assay, Sketa22, targeting the salmon testes DNA SPC. Each reaction consisted of 12.5 μL TaqMan Environmental Master Mix 2.0, 2.5 μL 10x primers and probe mix, 5 μL nuclease free water (NFW), and 5 μL of DNA template, for a total reaction volume of 25 μL. Cycling conditions were identical to the validation analysis. Template DNA was used undiluted unless a specific sample was determined to be inhibited, in which case DNA was diluted five-fold ([@bib50]). We considered a sample to be inhibited if the Cq value for the Sketa22 assay was \>3 Cq above the mean Sketa22 Cq of its associated extraction controls (both NEC and PC) ([@bib38]; [@bib50]). Reactions were performed in duplicate for 10% of samples selected randomly within the set of samples of each type. Each 96-well reaction plate typically contained samples from three extraction batches, resulting in three NECs and three PCs per plate, as well as three NTC reactions. We prepared five-point, ten-fold dilution series from each of the three PCs on a given plate, corresponding to triplicate reactions of 10^5^--10^1^ copies of each artificial plasmid standard before DNA extraction. All samples analyzed on the same plate were extracted by the same method.

### 2.5.4. Calibration curve construction {#sec2.5.4}

We estimated microbial target abundance in environmental samples from observed Cq values using calibration curves fit to known concentrations of standard reference material. The serial dilutions of extracted PCs, analyzed alongside environmental samples as described above, correspond to known concentrations before DNA isolation procedures to account for extraction loss. Calibration curves were fit for each target using multilevel Bayesian regression to account for possible variation between reaction sets ([@bib109], [@bib110]). We treated reaction Cq as the response, log~10~ copy number as a predictor, and allowed slopes and intercepts to vary by instrument run and by extraction batch. We fit models with the **brms** package in **R** version 3.5.1, using the default, improper flat priors on population-level coefficients and four chains with 2000 warmup iterations and 2000 sampling iterations ([@bib12], [@bib13]; [@bib95]).

### 2.5.5. Microbial target quantification {#sec2.5.5}

We quantified culturable *E. coli* (cEC) as colony forming units (cfu) on individual plates and molecular targets as gene copies (gc) in individual reactions. The sampling effort represented by each plate/reaction was used to compute target concentrations in environmental samples, normalized to 100 mL of water, 100 cm^2^ of food preparation surface, or gram of dry soil. We considered each mL of soil or swab sample eluate filtered to represent 0.01 g wet soil and 8.33 cm^2^ surface area, respectively, and each reaction---containing 5 μL of the total 100 μL purified DNA eluted from each filter---to represent 1/20th of the filtered volume. Moisture content was used to normalize soil sampling efforts in terms of dry weight. We imputed missing moisture contents from observations of sun exposure, soil surface wetness, and precipitation, temperature, and wind conditions using multivariate imputation by chained equations (MICE) in the **R** package **mice** ([@bib14]). We calculated cEC abundance and sampling effort by summing the cfu counts and volumes filtered for all countable plates from a given sample ([@bib66]).

We estimated molecular target concentration distributions from the calibration curve posterior draws to account for uncertainty in the concentration estimates ([@bib35]; [@bib73]). At each sampling iteration, we estimated target log~10~ gc in each reaction using the extraction batch- and instrument run-specific slope and intercept parameter values. We normalized the reaction log~10~ gc estimates by sampling effort and combined the transformed posterior draws from all replicate reactions to construct the posterior distribution of target concentration in each environmental sample. Target concentrations were characterized as the mean, standard deviation (SD), and 2.5 and 97.5 percentiles (95% credible interval) of the log~10~ concentration posterior distributions.

### 2.5.6. Determining limits of detection {#sec2.5.6}

For each sample and microbial target, we calculated process limits of detection that accounted for the amount of sample processed and potential target loss throughout the analytical procedure, expressed in terms of target concentration in each sample. For cEC, we assumed a lower limit of detection (LLoD) of one cfu per plate and an upper limit of quantification (ULoQ) of 400 cfu per plate, as suggested by [@bib66] and supported by raw counts from our samples. We obtained the process limits in terms of cEC concentration using the largest volume filtered for samples with no growth on any plate and the smallest volume filtered for samples with all TNTC plates. This corresponds to process LLoDs of 1 cfu/100 mL water, 12 cfu/100 cm^2^ surface, and 100 cfu/g wet soil (109 cfu/g dry soil for a moisture content of 8.4%, the median of all soil samples collected), and process ULoQs of 4.6 log~10~ cfu/100 mL water, 5.7 log~10~ cfu/100 cm^2^ surface, and 6.6 log~10~ cfu/g wet soil (6.64 log~10~ cfu/g dry soil at median soil moisture content). We defined process LLoDs for molecular targets as the log~10~ concentrations corresponding to the ROC-derived cutoff Cq value for each assay. Target concentrations at the cutoff Cq values were estimated for each sample using sample-specific sampling efforts and calibration curve posterior draws.

### 2.5.7. Treatment of observations outside detection and quantification limits {#sec2.5.7}

When analyzing binary detection outcomes, we treated observations below the LLoD as negative and observations above the LLoD, including \> ULoQ, as positive. For continuous concentration outcomes, we treated observations below the LLoD and above the ULoQ as left and right censored, respectively. We obtained maximum likelihood estimates (MLE) of the log~10~ concentration mean and SD assuming a censored normal distribution with the *fitdistcens* function in the **R** package **fitdistrplus** ([@bib24]). We also imputed concentrations for censored observations as the expected value of a normal distribution truncated at the sample-specific LLoD or ULoQ using the *etruncnorm* function from the **R** package **truncnorm** and the MLE mean and SD ([@bib76]; [@bib77]).

2.6. Assessing risk factors of domestic fecal contamination {#sec2.6}
-----------------------------------------------------------

### 2.6.1. Risk factor data sources {#sec2.6.1}

Compound- and household-level socioeconomic, demographic, sanitary, and health characteristics were ascertained by trained local enumerators using surveys and direct observation as described previously ([@bib63]). Surveys were conducted in Portuguese or Changana, a local language, according respondent preference. We identified characteristics that presented potential fecal contamination hazards, household and compound amenities that could affect domestic fecal microbe transmission, and demographic characteristics that may be indicative of the resources available for, and challenges to, managing domestic fecal wastes ([Table S5](#appsec1){ref-type="sec"}). GPS-enabled tablets displaying orthorectified, geolocated satellite imagery were used to delineate compound boundaries, from which we calculated compound area and population density. Daily meteorology records were obtained for the weather station at Maputo International Airport, located adjacent to our study area, from the Global Surface Summary of Day dataset available through the National Oceanic and Atmospheric Administration\'s National Centers for Environmental Information (<https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd>). Physical characteristics of each sample were observed during collection or determined during initial laboratory processing, in the case of soil moisture. Additional information about the variables assessed for the risk factor analysis is available in the Supplementary Material.

### 2.6.2. Statistical analysis {#sec2.6.2}

We used univariable analyses to test associations between each putative risk factor and occurrence of microbial targets. Separate analyses were performed for each sample type to allow for different patterns of fecal contamination. The number of independent comparisons entailed by this approach increases the probability of Type I error, likely resulting in the observation of some number of spurious associations ([@bib36]), but the broader pattern of associations can be suggestive of conditions and processes related to domestic fecal contamination that may warrant further investigation. Normalized log~10~ target concentration was used as the response variable unless the target was detected in \<75% of samples of a given type, in which case the binary detection status served as the response. Continuous variables other than cumulative precipitation were mean-centered and scaled, either by SD (i.e., standardized) or by a meaningful value for the particular variable (e.g., wealth index scaled such that each unit-increase represented a 10-point increase on the original 0--100 index scale). Due to infrequent precipitation, we represented precipitation variables as cumulative sums over both the seven and 30 days preceding the sampling event to obtain positive values and investigate different temporal scales ([@bib54]). Variable definitions, including categorical variable reference categories, are provided in [Table S5](#appsec1){ref-type="sec"}. We estimated associations for concentration responses with censored Bayesian regression to account for observations outside the limits of detection and quantification, which provides a measure of effect in terms of the change in target log~10~ concentration for a unit increase in the risk factor ([@bib112]). Population-level parameters were assigned weakly regularizing normal priors with SD = 10 for the intercept and SD = 2 for predictors ([@bib73]). Bayesian logistic regression was used for binary responses with the odds ratio (OR) serving as the measure of effect. Weakly regularizing Student\'s *t* priors with 5 degrees of freedom were assigned to population-level parameters, using scale = 10 for the intercept and scale = 2.5 for predictors ([@bib37]; [@bib113]). The strength of estimated associations was primarily characterized by whether the 95% CIs excluded the null value for their respective measures of effect. When modeling responses in stored water, food surfaces, and household soil, which were collected from multiple households per compound, the intercept was allowed to vary by compound to account for clustering of observations. Models were fit in **brms** using four chains with 1500 warmup and 1000 sampling iterations each.

3. Results {#sec3}
==========

3.1. Candidate assay diagnostic performance {#sec3.1}
-------------------------------------------

Individual local fecal samples were collected from 10 chickens, 13 ducks, one dog, and two pigs, as well as a composite manure sample from 6 piglets. Surface sludge was obtained from 14 unimproved pit latrines, representing composite human-source fecal material. We analyzed each sample with eight qPCR assays to assess diagnostic performance, implementing ROC analysis to determine the optimal cutoff Cq value for each assay. [Table 2](#tbl2){ref-type="table"} presents the ROC-derived optimal cutoff cycle and the corresponding sensitivity, specificity, and accuracy for each assay. Both general assays performed well, though EC23S was positive for 100% of samples while BacUni was negative for a single chicken sample. Host-associated assays were all reasonably specific, ranging from 71% (HF183) to 100% (GFD). All human assays cross-reacted with avian feces, though not to the extent seen in certain previous studies ([@bib46]; [@bib83]). HAdV was the most human-specific, cross-reacting with only two duck fecal samples; BacHum and Mnif were both positive for certain chicken and duck samples, while HF183 cross-reacted with chickens, ducks, and a pig sample. All assays were negative for the dog sample with the exception of LA35, which was also positive for a single latrine sample.Table 2Optimal cutoff cycle and diagnostic performance of candidate MST assays.Table 2assayhostcutoff\
cycletest\
samplestarget\
samplesnon-target\
samplessensitivityspecificityaccuracyBacUnigeneral38414100.95----EC23Sgeneral39414101.00----BacHumhuman404114270.500.810.71HF183human394114270.640.670.66Mnifhuman414114270.710.700.71HAdVhuman444114270.790.930.88LA35avian454123180.430.890.63GFDavian404123180.781.000.88

Sensitivity was lower than specificity for all host-associated assays. HAdV was the most sensitive human marker (79%), followed by Mnif (71%) and HF183 (64%). BacHum, while the second-most specific human-associated target, was only detected in half the human samples. GFD was substantially more sensitive (78%) than LA35, which was positive in fewer than half the avian samples.

We anticipated further reductions in assay sensitivity and improvements in specificity when applied to environmental samples, expecting dilution effects to result in lower ambient concentrations of fecal microbes than in whole feces or sludge. We therefore weighted sensitivity more highly when selecting assays for use in MST analysis of environmental samples. We selected EC23S as general fecal target, both for improved sensitivity relative to BacUni and to provide a molecular comparison to the cultured *E. coli* data. GFD was both more sensitive and specific than LA35 and was chosen for the avian target. Despite relatively strong specificity, we excluded BacHum due to low sensitivity. Although HAdV demonstrated relatively high sensitivity in our samples, its sensitivity in a much larger study was very poor ([@bib47]), presenting substantial uncertainty about its continued performance across the study area and throughout the study period, particularly in ambient samples. Accordingly, we selected Mnif and HF183 as human targets for further MST analysis.

3.2. Occurrence of fecal indicator organisms in the domestic environment {#sec3.2}
------------------------------------------------------------------------

### 3.2.1. Environmental sample characteristics {#sec3.2.1}

We collected 366 samples from 94 households in 58 compounds, home to 135 children previously enrolled in the MapSan trial. Samples were collected on 27 (noncontiguous) days. Source water was available for collection in only 44 compounds, with some compounds lacking water points and the municipal supply intermittently unavailable during the sampling visits. Soil was collected from 56 compound latrine entrances and 85 household entrances; soil could not be collected from eight households in five compounds due to impervious surfaces surrounding the household entrances. Moisture content was missing for three latrine soil and four household soil samples and was imputed using MICE. We collected stored water and food preparation surface swabs from 91 and 90 households, respectively, with two sets of swabs collected from 89% (80/90) of food preparation surfaces.

Soils were generally shaded to some extent and often had wet surfaces ([Table 3](#tbl3){ref-type="table"}), though latrine soils were somewhat more commonly exposed to full sun (27%) and wet (67%) than household soils (19% and 57%, respectively). Mean moisture content was nevertheless similar between soil samples from both locations. Plastic bowls comprised the large majority of food preparation surfaces sampled; nearly every water storage container was likewise constructed of plastic (92%). Storage containers typically had wide mouths (71%) with lids (70%), from which water was extracted by dipping a cup or pitcher inside the container. Conversely, water was typically poured out of narrow-mouthed containers, which were generally observed uncovered.Table 3Number (%) of samples observed with a given characteristic.Table 3typecharacteristicvaluenobservations (%)stored watercontainer materialplastic9184 (92)metal4 (4)other3 (3)container openingcovered8962 (70)uncovered27 (30)container mouthwide8963 (71)narrow26 (29)extraction methoddip8962 (70)pour27 (30)food surfacetypebowl9083 (92)table7 (8)materialplastic9079 (88)metal8 (9)wood3 (3)latrine soilsun exposurefull4913 (27)partial34 (69)shaded2 (4)surface wetnessdry4916 (33)wet33 (67)moisture contentpercent[a](#tbl3fna){ref-type="table-fn"}569.4 (8.4)household soilsun exposurefull8516 (19)partial52 (61)shaded17 (20)surface wetnessdry8336 (43)wet47 (57)moisture contentpercent[a](#tbl3fna){ref-type="table-fn"}858.4 (8.1)[^4]

### 3.2.2. Process limits of detection {#sec3.2.2}

The minimum concentration at which each molecular target could be reliably detected was estimated for each sample from the corresponding extracted PC calibration curve ([Table S3](#appsec1){ref-type="sec"}). The volume filtered for qPCR detection was consistent between samples of the same matrix (e.g., water), although normalizing by dry weight introduced variability into the amount of each soil sample processed. Analytical sensitivity varied by assay, extraction batch, and instrument run. For a given target, average sample LLoDs were similar between samples of the same matrix ([Table 4](#tbl4){ref-type="table"}). GFD consistently demonstrated the lowest detection limits while average LLoDs for EC23S, HF183, and Mnif were generally similar for a given sample type. This likely reflects higher analytical sensitivity on the part of GFD, reflected in the lower intercept values for the GFD calibration curves ([Table S3](#appsec1){ref-type="sec"}), which used non-specific SYBR chemistry for real-time detection. The LLoD estimates for the probe-based assays indicate relatively high concentrations were necessary for reliable detection, generally requiring more than 1000 target copies per 100 mL water or 100 cm^2^ surface and \>10,000 per gram of soil.Table 4Mean (SD) process lower limits of detection for molecular targets.Table 4sample typen[a](#tbl4fna){ref-type="table-fn"}EC23SHF183Mnif[a](#tbl4fna){ref-type="table-fn"}GFDsource water \[log~10~ gc/100 mL\]443.38 (0.04)2.77 (0.35)3.14 (0.10)2.41 (0.20)stored water \[log~10~ gc/100 mL\]913.36 (0.10)3.04 (0.35)3.11 (0.07)2.30 (0.04)food surface \[log~10~ gc/100 cm^2^\]893.91 (0.42)3.50 (0.47)3.52 (0.50)2.83 (0.49)latrine soil \[log~10~ gc/dry g\]564.59 (0.11)4.24 (0.19)4.12 (0.16)3.36 (0.17)household soil \[log~10~ gc/dry g\]844.50 (0.14)4.45 (0.19)4.34 (0.13)3.31 (0.39)[^5]

### 3.2.3. Microbial target detection frequency {#sec3.2.3}

We detected at least one microbial target in 96% of samples (353/366). Highly credible *E. coli*, detected by both culture and qPCR, were present in the majority of samples (78%). EC23S and cEC were detected with similar frequency except in source water ([Table 5](#tbl5){ref-type="table"}), in which *E. coli* was detected twice as frequently by qPCR (66%) than culture (34%). Human targets were frequently detected in soils (59%) and occasionally in stored water (17%) but seldom in source water or on food surfaces. Mnif was more common than HF183 in both latrine and household soil, though HF183 was the only human marker detected with any frequency in samples other than soil. We observed the largest human fecal impact on latrine soil, with 68% positive for at least one human target and 27% positive for both, an indicator of highly credible human-source contamination. The avian target GFD was rarely detected in any sample type but was most common in soils (4%). The lowest detection frequencies for all targets were observed in source water, the sample type with the shortest residence time on the compound premises.Table 5Fraction (%) of samples positive for each target by sample type.Table 5targetsource waterstored waterfood surfacelatrine soilhousehold soilcEC15/44 (34)81/91 (89)81/90 (90)54/54 (100)85/85 (100)EC23S29/44 (66)79/91 (87)75/89 (84)53/56 (95)84/84 (100) any *E. coli*34/44 (77)90/91 (99)89/90 (99)55/55 (100)85/85 (100) both *E. coli*10/44 (23)70/91 (77)67/89 (75)52/55 (95)84/84 (100)HF1831/44 (2)15/91 (16)1/89 (1)21/56 (38)21/84 (25)Mnif0/44 (0)1/90 (1)1/88 (1)32/56 (57)29/83 (35) any human1/44 (2)15/90 (17)2/88 (2)38/56 (68)45/84 (54) both human0/44 (0)1/91 (1)0/89 (0)15/56 (27)5/83 (6)GFD0/44 (0)1/91 (1)0/89 (0)2/56 (4)3/84 (4)any target34/44 (77)90/91 (99)89/90 (99)55/55 (100)85/85 (100)

All laboratory blanks were culture-negative for cEC (n = 68) and all NTC reactions were negative for HF183 (n = 18), Mnif (n = 15), and GFD (n = 18). Likewise, all reactions containing NECs were negative for HF183 (n = 23), Mnif (n = 23) and GFD (n = 23). However, 6% of NTC reactions (1/17) and 17% of NEC reactions (4/23) were positive for EC23S, with a mean Cq of 38.1 and a minimum Cq of 37.1. Such values only slightly exceed the EC23S optimal cutoff cycle of 39 and are consistent with the low levels of DNA contamination that others have observed for this assay and have attributed to residual *E. coli* DNA in the Environmental Master Mix arising from the production of *Taq* polymerase ([@bib104]). Sketa22 analysis indicated inhibition in a single latrine soil sample, which was diluted five-fold for all further qPCR analyses ([@bib50]). Duplicate reactions were assessed for molecular targets in 36 randomly selected samples (10% of each type). The same EC23S detection status was observed in both replicates for 97% of these samples, with agreement between replicates on HF183 presence for 86% of samples, agreement on Mnif for 91% of samples, and agreement on GFD for 94% of samples. The reduced agreement between replicates for HF183, and to a lesser extent for Mnif, may partially reflect the greater variability in human target detection relative to EC23S, which was nearly always present, and GFD, which was usually absent.

### 3.2.4. Microbial target concentrations {#sec3.2.4}

Assuming log~10~ target concentrations followed a normal distribution with left- and right-censored observations, we obtained the MLE mean and SD concentration of each target detected in \>10% of a given sample type ([Table 6](#tbl6){ref-type="table"}). Because we normalized according to the matrix sampled, concentrations may be directly compared between samples of the same matrix (e.g. source water and stored water) but not between matrices. Furthermore, while each cfu is assumed to correspond to a single organism present in the sample, organisms may carry different numbers of each gene target, limiting comparability between targets. We assessed cEC and EC23S concentrations in all sample types, HF183 concentration in stored water and soils, and Mnif concentration in soils only; GFD was detected too infrequently in any sample to characterize concentration.Table 6Maximum likelihood estimate (SE) of target concentration mean and SD under a normal distribution with censored observations.Table 6type[a](#tbl6fna){ref-type="table-fn"}cECEC23SHF183MnifnmeanSDnmeanSDnmeanSDnmeanSDsource water \[log~10~C/100 mL\]44−0.54 (0.33)1.38 (0.29)443.57 (0.14)0.84 (0.12)stored water \[log~10~C/100 mL\]911.72 (0.16)1.46 (0.12)914.26 (0.09)0.83 (0.07)911.39 (0.48)1.66 (0.36)food surface \[log~10~C/100 cm^2^\]903.17 (0.21)1.95 (0.18)894.73 (0.10)0.90 (0.08)latrine soil \[log~10~C/dry g\]543.95 (0.13)0.97 (0.10)566.48 (0.16)1.17 (0.12)563.79 (0.27)1.39 (0.25)564.31 (0.17)1.11 (0.15)household soil \[log~10~C/dry g\]854.14 (0.10)0.90 (0.07)846.72 (0.10)0.88 (0.07)843.31 (0.36)1.65 (0.30)834.11 (0.10)0.57 (0.09)[^6]

*E. coli* gene targets were more abundant than human targets. Mean EC23S and HF183 concentrations were respectively 6.5 and 3.8 log~10~ gc/dry g of latrine soil and 4.3 and 1.4 log~10~ gc/100 ml of stored water. The censoring assumption implies that non-detected targets were not absent but rather present in concentrations too low for reliable detection, reflected in mean concentration estimates for human targets below their estimated LLoDs ([Table 4](#tbl4){ref-type="table"}). By contrast, EC23S, which was detected in nearly every sample, had mean concentrations well above its mean LLoD for each sample type. Among the 34% of source water samples positive for cEC, the mean concentration was 8.5 cfu/100 mL.

3.3. Domestic risk factors of fecal contamination {#sec3.3}
-------------------------------------------------

### 3.3.1. Characteristics of study households, compounds, and sampling dates {#sec3.3.1}

All compounds had a latrine on premises and most covered the latrine drophole (86%), but otherwise latrine quality was poor: only 36% had a slab and 26% a permanent superstructure ([Table 7](#tbl7){ref-type="table"}). Most compounds (82%) had water sources on premises, though source water was only available in 70% at the time of sampling. Electricity was nearly universally available, and most households (97%) had impervious floors. Potential fecal hazards were present in many compounds, with standing wastewater observed in 58% of compounds, 56% owning domestic animals, and 49% reporting previous flooding. Additionally, disposal of feces outside the latrine was reported for at least one child in 86% of compounds.Table 7Summary of household, compound, and sampling date characteristics; binary outcomes as positive observations (%) and continuous outcomes as mean (IQR).Table 7levelnobservations*hazards*feces or soiled diapers observedcompound5721 (37)standing wastewater observedcompound5733 (58)prone to floodingcompound5728 (49)animals presentanycompound5732 (56)poultry578 (14)cat5727 (47)dog576 (11)other572 (4)reported child diarrheahousehold908 (9)in any householdcompound576 (11)unsafe child feces disposalhousehold9072 (80)in any householdcompound5749 (86)*amenities*latrine on premisescompound5757 (100)cabins (count)571.0 (0.0)drophole cover5749 (86)slab or pedestal5722 (39)superstructure5715 (26)ventpipe571 (2)water on premisescompound5747 (82)water points (count)compound571.4 (1.0)household-reported accesshousehold9179 (87)available during samplingcompound5740 (70)electricity on premisescompound5755 (96)covered floorhousehold9188 (97)*demographics*completed primary educationhead of householdhousehold9128 (31)child caregiverhousehold9049 (54)child caregiver in any householdcompound5741 (72)wealth index (0--100)household9145.8 (12.2)household members (count)household916.2 (3.5)children enrolled901.3 (1.0)rooms in house (count)household912.8 (1.0)persons per room (ratio)household912.3 (1.3)crowding (\>3)9112 (13)compound population (count)compound5717.3 (7.0)children enrolled572.2 (2.0)households enrolled571.7 (1.0)compound area (m^2^)compound52279.5 (156.3)population density (persons/100 m^2^)compound527.2 (5.1)persons per latrine (ratio)compound5717.2 (7.0)persons per water point (ratio)compound4712.4 (7.8)*meteorology*temperature previous day (°C)meandate2720.4 (1.7)minimum2714.1 (3.2)maximum2728.2 (4.4)windspeed previous day (knots)date277.7 (3.2)cumulative precipitation (mm)previous daydate262.8 (0.0)previous week279.3 (3.0)previous month2741.6 (57.1)days with any rain (count)previous seven daysdate270.6 (1.5)previous 30 days272.5 (4.0)

The average compound had 17.3 members and 2.2 children enrolled in the study from 1.7 households, each of which had an average of 6.2 members and 1.3 enrolled children. About half of child caregivers (primarily mothers) reported completing primary school, though fewer household heads had done so (31%). The wealth of most households fell within the middle range of the 100-point asset-based index, with the typical household slightly below the index midpoint with a value of 46. Few households (12%) were crowded with more than three people per room. Compounds had a mean area of 280 m^2^ and population density of 7.2 people/100 m^2^. The weather during sampling was relatively dry and mild, with daily average temperatures of 20 °C. On the average sampling day it had rained a total of 4.2 cm on 2.5 days in the preceding month.

### 3.3.2. Risk factor associations with fecal indicator concentrations {#sec3.3.2}

We assessed risk factors of general fecal contamination as the expected linear change in normalized log~10~ concentration of cEC and EC23S given the presence of a binary predictor variable or a one unit increase in a scaled continuous variable (see [Table S5](#appsec1){ref-type="sec"} for variable definitions). Predictors for which the 95% CI of the effect estimate included zero were considered unlikely to be risk factors of contamination for the sample type tested, though we considered the sign of the point estimate across targets and sample types to evaluate the broader implications of each variable. There were few consistent trends in associations with target concentrations and most characteristics were not clearly associated with either target in most sample types ([Fig. 1](#fig1){ref-type="fig"}, [Table S6](#appsec1){ref-type="sec"}). No compound, household, or meteorological characteristic was significant across all sample types; rather, the direction of the effect estimate often reversed between targets and sample types. cEC concentrations were elevated in all sample types with increased days of rain the previous week and attenuated with increased temperature, but most of these associations were not significant and did not hold for EC23S or for increased cumulative precipitation over the same period of time. Both cEC and EC23S concentrations declined when latrine dropholes were covered, but all the effects were relatively small and not significant. The strongest effects were observed on EC23S concentration in latrine soil, with an expected increase of 1.2 (95% CI: 0.1--2.2) log~10~gc/dry g when at least one child in the compound had diarrhea in the previous week and 1.0 (95% CI: 0.3--1.7) log~10~gc/dry g when source water was available during sampling. EC23S was also elevated by 0.6 (95% CI: 0.2--1.0) log~10~gc/100 mL in stored water when feces were observed.Fig. 1Mean and 95% CI change in log~10~*E. coli* concentrations associated with sanitary, sociodemographic, and meteorological characteristics estimated by multilevel Bayesian censored linear models. 95% CIs that do not include zero suggest fecal contamination risk factors.Fig. 1

Among sample-level characteristics ([Fig. 2](#fig2){ref-type="fig"}, [Table S7](#appsec1){ref-type="sec"}), wet soil surfaces were consistently associated with increased *E. coli* concentrations, significantly so for cEC in both latrine (0.7 \[95% CI: 0.1--1.3\] log~10~gc/dry g) and household (0.5 \[95% CI: 0.1--0.9\] log~10~gc/dry g) soils and also for EC23S in latrine soil (1.1 \[95% CI: 0.5--1.7\] log~10~gc/dry g). Food preparation surface characteristics were also associated with EC23S concentration, which was lower for plastic and bowl-type food preparation surfaces (the most common surfaces) than for metal or wooden and table-like surfaces.Fig. 2Mean and 95% CI change in log~10~*E. coli* concentrations associated with environmental sample characteristics estimated by multilevel Bayesian censored linear models. 95% CIs that do not include zero suggest fecal contamination risk factors.Fig. 2

### 3.3.3. Odds of detecting human fecal contamination {#sec3.3.3}

Risk factors of human source contamination were identified by the odds ratio for detection of human-associated targets given the presence of a binary predictor variable or a one unit increase in a scaled continuous variable (see [Table S5](#appsec1){ref-type="sec"} for variable definitions). We used detection of HF183 and of any human target as response variables in soils and detection of HF183 in stored water, in which Mnif was rarely detected. Human targets were detected too infrequently to assess risk factors for food surface contamination. As with *E. coli* concentrations, we did not find significant associations between most compound, household, and meteorological characteristics and human-source contamination ([Fig. 3](#fig3){ref-type="fig"}, [Table S6](#appsec1){ref-type="sec"}). However, several potential compound hazards were consistently associated with increased ORs for human target detection, including animal ownership, previous flooding, and observation of standing wastewater or feces. The associations were significant, as indicated by 95% CIs on the OR estimate that excluded unity, for HF183 detection in latrine soil when domestic animals were present (OR: 4.3; 95% CI: 1.2--12) and for detecting any human target in household soil in the case of standing wastewater (OR: 8.9; 95% CI: 1.2--49). Completing primary school was associated with reduced odds of detecting any human target (but not HF183 specifically) in household soil (OR: 0.2; 95% CI: 0.03--0.6), while a 10-point increase in the household wealth index was associated with an increase in the odds of human target detection in household soils, significantly so for HF183 (OR: 7.4; 95% CI: 1.6--33). Human contamination was also significantly more common in the soils from latrines as the number of users increased. Increasing temperatures were generally associated with reduced odds of human target detection in soil. Rainy days in the past week and month also usually signaled increased human target detection, though the same association was not present for cumulative precipitation over the same time periods. No variables were significantly associated with detecting HF183 in stored water.Fig. 3Mean and 95% CI odds ratios of human target detection associated with sanitary, sociodemographic, and meteorological characteristics estimated by multilevel Bayesian logistic models. 95% CIs that do not include unity suggest human fecal contamination risk factors.Fig. 3

The direction of associations between sample characteristics and human target detection were generally similar to those for *E. coli* concentrations ([Fig. 4](#fig4){ref-type="fig"}, [Table S7](#appsec1){ref-type="sec"}). Soil surface wetness effects were less pronounced in household soils for human targets than for *E. coli*, though detection of any human target was significantly more likely in wet latrine soils (OR: 6.6; 95% CI: 1.5--20). Wet latrine soil was also significantly associated with HF183 detection: 18 of 33 wet latrine soils were positive for HF183 and only 1 of 16 dry soils were, which prevented stable estimation of the OR.Fig. 4Mean and 95% CI odds ratios of human target detection associated with environmental sample characteristics estimated by multilevel Bayesian logistic models. 95% CIs that do not include unity suggest human fecal contamination risk factors.Fig. 4

4. Discussion {#sec4}
=============

We found evidence of widespread fecal contamination, including from human sources, across all environmental compartments sampled. However, compound source water was of moderate quality: two thirds of samples were free from culturable *E. coli*, and the typical concentration in *E. coli*-contaminated samples was less than 10 cfu/100 mL, considered "low risk" under previous [WHO]{.ul} drinking water guidelines---though not a distinction with strong support in the literature ([@bib42]; [@bib121]). Because source water was treated centrally and generally piped directly into the compound, the elevated prevalence of *E. coli* gene targets relative to culturable *E. coli* may indicate the presence of DNA from organisms inactivated or rendered viable but non-culturable (VBNC) by treatment. We infer from the much higher prevalence of contamination after water had been stored by households that conditions within compounds often led to recontamination of source water after collection ([@bib45], [@bib44]). Human targets were detected in the 59% of soil samples and 17% of stored water samples, despite relatively low diagnostic sensitivity and high detection limits, suggesting that human-source contamination may have been more pervasive than observed.

The diagnostic performance of all host-associated assays was relatively poor, especially in comparison to their performance in previous multi-site, multi-laboratory studies ([@bib8]; [@bib65]; [@bib97]). The exception was human adenovirus assay HAdV, which demonstrated substantially higher sensitivity (with slightly reduced specificity) than previous studies ([@bib47]). Because all latrine samples were collected over a two-week period, it is possible that we captured a period of elevated adenovirus shedding in the study population and that HAdV sensitivity could be much lower at other times ([@bib67]). Avian marker GFD also performed relatively well in comparison with the human markers and has been successfully applied in both urban and rural Bangladesh previously ([@bib9]; [@bib46]). However, we rarely detected GFD in environmental samples despite reported ownership of domestic poultry and frequent observations of poultry and poultry defecation in compound yards while conducting study activities, raising questions about the suitability of GFD in our study area in practice.

In contrast with other domestic MST validation studies that collected fecal samples from individuals ([@bib9]; [@bib46]; [@bib83]), we used latrine sludge to represent human-source feces. The use of fecal sludge in diagnostic performance evaluations introduces additional uncertainty, particularly as inaccurate measures of assay sensitivity and specificity could result if animal feces had been disposed of in the latrine or if the gene targets degraded prior to sampling. However, latrine sludge offers an accessible, non-invasive means of obtaining fecal material from multiple individuals. Composite test samples comprising multiple individual stools are commonly used for MST validation, in part to better capture a range of individual characteristics, such as age, sex, and diet, that may affect MST marker occurrence ([@bib9]; [@bib46]). Latrines provide natural composite samples, particularly when shared among multiple unrelated households as is common among our study population ([@bib103]). We only sampled from the surface of latrines in regular use, on which fresh, minimally mixed feces could typically be observed, limiting the potential for MST marker degradation or contamination from animal sources. Furthermore, GFD was not detected in any latrine sample, suggesting that avian feces were not present at meaningful levels.

While bacterial human MST targets have a fairly stable global distribution in wastewater, their unsatisfactory performance in our study aligns with several other studies that attempted human fecal source tracking in developing contexts to evaluate domestic sanitary conditions ([@bib9]; [@bib46]; [@bib57]; [@bib72]; [@bib83]). Presuming lower abundance of both targets and cross-reacting non-targets in environmental samples compared to feces, we expected diagnostic sensitivity to decline and specificity to increase in practice. That we nevertheless frequently detected human targets while failing to detect avian feces, a known source of cross-reaction ([@bib46]; [@bib83]), suggests a heavy burden of human-source fecal contamination in the domestic environment of our study sites. However, we were unable to assess fecal contamination from dogs and cats, the other commonly reported animals among study households, due to a lack of corresponding fecal samples for assay validation. Human MST markers are known to cross-react with dog feces in particular, which we cannot rule out as having produced amplification of human targets in some samples ([@bib65]; [@bib83]).

Both non-specific and human-source fecal contamination were largely disconnected from variation in socioeconomic and sanitary conditions within our study population. Although soil FIB concentrations were associated with a sanitary index in a separate subset of the MapSan study population, the small absolute difference in FIB concentrations over the range of the index was similarly unlikely to correspond to meaningful changes in health risks ([@bib18]). A study in a comparable setting in urban Harare likewise found little correspondence between household characteristics and *E. coli* contamination of multiple environmental reservoirs ([@bib79]). However, animal ownership in Harare was associated with higher soil contamination, a relationship also observed in rural Bangladesh but unexpectedly absent in our study ([@bib28]). Notably, all households in this study, the Harare study, and a small study in peri-urban Tanzania ([@bib90]) had some form of sanitation onsite, but measures of latrine quality were not associated with domestic fecal contamination. Some large studies in rural settings have found lower ambient fecal contamination in households with latrines ([@bib9]; [@bib28]) while other studies in similar settings did not ([@bib82]), but associations between household latrine quality and fecal contamination have likewise not been observed ([@bib29], [@bib28]). The presence and condition of shared or public toilets were also unrelated to FIB and enteric pathogens in urban public spaces in Kenya ([@bib2]). In all cases, levels of fecal contamination were high throughout the study populations regardless of the sanitation technologies in use. While water-related infrastructure and practices, particularly on-premise piped water, have consistently shown fecal indicator reductions, these effects were restricted to transmission pathways directly tied to water usage and did not impact more distal pathways through the ambient environment ([@bib27], [@bib29]; [@bib79]; [@bib87]). However, there is some evidence that water infrastructure can indirectly support improvements to child health otherwise attributable to household sanitation ([@bib96]), and reduced fecal indicator concentrations in drinking water have often, but not always, been associated reduced diarrhea risk ([@bib26]; [@bib68]; [@bib87], [@bib89]).

Despite analyzing more than 350 samples, by separately considering each of the five sample types the number of observations involved in any particular comparison was necessarily limited. As such, the power to identify risk factors among the variables considered was restricted for all but the largest effects---although only the largest of effects are likely to be meaningful for health, given the degree of fecal contamination observed. Furthermore, effect estimates were often unstable when both the response and risk factor variables were dichotomous, resulting in few or no observations for some combinations of response and risk factor values. Accordingly, care must be taken both to dismiss characteristics as potential risk factors when no associations were found and to identify a characteristic as a risk factor on the apparent strength of its association, which was likely highly sensitive to the particular set of data observed. Nevertheless, we did not find evidence of consistent relationships between fecal contamination and household characteristics. While the variables considered may be related to fecal contamination in the absolute sense, the range of conditions present in the study population may be too narrow to observe meaningful differences in contamination.

Our results show high levels of fecal contamination present in households sharing poor-quality sanitation facilities. Forthcoming results will include repeated measures of environmental samples following a sanitation intervention to better understand effects of sanitation improvements ([@bib11]). Nevertheless, the broad distribution of microbial targets we observed, largely disconnected from variation in socioeconomic and sanitary characteristics, underscores the challenges to mitigating domestic fecal contamination through modifying conditions at the household level. Given the results of recent WaSH trials conducted in less populated settings, it is likely that transformational changes to the community environment are required before meaningful impacts on fecal contamination can be consistently realized ([@bib22]; [@bib56]; [@bib91]). While fecal indicators are useful for identifying contaminated locations and MST approaches have proven valuable for drawing attention to underappreciated fecal sources, domestic animals and child feces in particular ([@bib4]; [@bib46]), ambient fecal indicator measurements largely serve to confirm the pervasive nature of fecal contamination in settings with high burdens of enteric disease. Future research could benefit from directly assessing enteric pathogens in the environment and their relationships with fecal indicators, which has been rendered increasingly feasible by the recent development of multi-target quantitative molecular arrays and may provide clearer, more health-relevant signals for characterizing domestic fecal contamination ([@bib2]; [@bib34]).

Appendix A. Supplementary material {#appsec1}
==================================
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